Based on the principle of energy balance and the heat and mass transfer theory, a one-dimensional plant surface climate model (PSCLIMATE) has been developed for greenhouse vegetable plants. This model uses parameters that describe characteristics of the greenhouse structure and the plant canopy together with routine climate observations above the canopy, to predict in canopy and leaf surface microclimate. The output of the model includes vertical profiles of solar irradiance, air temperature and relative humidity, and the temperature, vapour pressure deficit and wetness at the leaf surface. The default plant of this model is cucumbers and the model has been validated using microclimate data collected in a greenhouse cucumber experiment over a fall growing season in 1996. It predicted precisely the incanopy air temperature and relative humidity, as well as temperature and wetness at leaf surfaces in most cases. The model overestimated air temperature in the lower canopy when air temperature exceeded 22°C and forced ventilation was in operation. 
INTRODUCTION
Microclimate within canopy and at the plant surface can have a significant influence on the physiological processes of plants, as well as the epidemiology of pathogens and the population dynamics of insect pests. Quantitative information between routine greenhouse climate parameters and microclimate inside the canopy and at leaf surface is very important for developing greenhouse climate control strategies and for improving integrated pest management. Most of the previously developed simulation models for greenhouse climate follow the methodology used for field crops by treating the whole plant canopy as a big leaf. However, this approach provides little detailed information about the conditions inside the canopy and at the plant surface. To solve this problem, a plant surface climate model (PSCLIMATE), which uses parameters that describe the characteristics of the greenhouse structure and the plant canopy together with routine climate observations above the canopy, has been developed to predict in-canopy and leaf surface microclimate. This dynamic model can be used for any locations, greenhouse structures, cladding materials, plant layout and various vegetable crop species in the greenhouse if greenhouse and plant canopy properties are specified in the read-in file and the plant physical and physiological parameters are modified in the source code. Detailed information on the theory of the model and validation for greenhouse cucumbers can be found from the published manuscripts (Thevenard et al., 1999 , Zhang et al. 2002 . This paper will give brief description of the basic models and a detailed look at the development of the model for tomato crops (PSCLIMATE-Tomato) and validation of this model using data collected in a research greenhouse at Harrow, Ontario, Canada.
MATERIALS AND METHODS

Description of the Model
PSCLIMATE is composed of one main driver and 12 subroutines. The four major models are: a radiation model, a convective heat and mass transfer model, an eddy heat and mass diffusion model, and a leaf surface moisture model.
Light levels at different heights within the canopy were simulated in the radiation model. In this model, the penetration of direct, diffuse and scatted short wave radiation into the plant canopy and the net long wave radiation from greenhouse gladding, floor surface, heating pipes and surrounding leaves were calculated.
Plant temperature and leaf wetness at various layers within the canopy were simulated in the convective heat and mass transfer model. In this model, the heat and water vapour transfer between vegetation and surrounding air, heat transfer between the pipes and air, and heat transfer from the floor were calculated. It was assumed that heat transfer between the vegetation and air occurred by forced convection and that vertical heat transfer occurred by an eddy diffusion process. Thus, the heat transfer between vegetation and air in the canopy was modelled using the revised correlation for flow across a bank of staggered tubes as proposed by Incropera and DeWitt (1996) :
where Nu is the Nusselt number, C and t are constants depending on Reynolds number (Re) and tube arrangement, and Pr is Prandtl number (Pr). Based on air temperature and the stratum energy balance of the leaf at height z, plant temperature (T l (z)) was predicted using iteration. Iterations were stopped when successive values of T l (z) were within 0.1°C.
Air temperature and humidity within the plant canopy were simulated in the eddy heat and mass diffusion model. Assuming no horizontal energy and mass convergence or divergence, the in-canopy air temperature and humidity were simulated by calculating vertical heat and vapour diffusion with the eddy heat and mass diffusion equation:
where X can be either energy content (h e ) or water vapour density (w). x represents the corresponding exchange rate of h e or w between plants and air, which was estimated in the convective model and K x is the eddy diffusivity for both heat and vapour. Leaf surface vapour pressure deficit (VPD s ) was determined by the leaf surface moisture model. Based on predicted leaf wetness status, leaf surface vapour pressure deficit in a leaf boundary layer at height z was determined using the linear function developed by Gijzen (1995) .
Plant Architectural and Physiological Parameters
The architectural and physiological parameters defined as a function of height z in the model are: vertical foliage area density distribution function (a z ), leaf dimension (D v ), leaf inclination (s), and stomatal conductance (h s ). The calculation of these parameters varies for different plant species. For cucumber crops: Yang et al. 1990) Where h is the height of full plant canopy. 
For tomato crops: 
Where I(z) is the global radiation at the simulation height in W m -2 .
Implementation of the Model
The model was implemented as a stand-alone program running on an IBM-PC compatible microcomputer. The program requires two input files: one contains the simulation parameters and the other contains the input data (comma-delimited ASCII format). Simulation parameters are the location of the greenhouse (latitude, longitude, meridian longitude), structure of plant canopy (height of canopy, width of the row, row azimuth, centre-to-centre row spacing, leaf area index), and pipe property (pipe diameter, spacing between pipes, and position of the pipe). Input data are the boundary conditions for the simulation, which include: outside temperature and global radiation, temperature and humidity at the top of the canopy in the greenhouse, the temperature of the pipe and floor.
In the new version of PSCLIMATE, a selection of floor mulch was added to increase the flexibility of this model to be used for different mulch types. Four different types of mulch (white PVC, black PE, transparent PE, and no mulch) can be simulated with the model. The planting practice in the greenhouse is also specified by the user, which includes single, double or V-row plantings. The effect of thermal/shading screens is considered in PSCLIMATE by varying the calculation of cover temperatures. When the thermal/shading screen is open, the roof temperature is used as cover temperature, while when the thermal screen/shading is closed the temperature of the screen is used as cover temperature. The time periods of closed thermal/shading screen is specified by users. Two time periods are included in the model, one for noon-hour shading closure and the other for the night time energy saving closure.
Greenhouse Experiment
To validate the PSCLIMATE-Tomato simulation model, an experiment was conducted in a Venlo-type glass greenhouse (8×13 m) at the GPCRC in Winter 2002-2003, tomato(cv. Rapsodie) plants were transplanted into the greenhouse in September and full canopy (2.70 m) developed by late October. The tomato crop was trained to a V-system and maintained according to commercial greenhouse tomato production practices.
Air temperature and humidity, and leaf temperature were monitored at three locations in the greenhouse at three heights from top to the lower part of the canopy. Temperature and humidity probes (Hycal Co., El Monte, Cal.) with aspirating PVC tube shadings were used for air temperature and humidity measurement. Infra-red thermocouples (Omega, Laval, Que.) were used for leaf temperature measurement. Global solar radiation was monitored at two locations in the greenhouse at two levels with CM3 pyranometers (Kipp & Zonen Inc. Bohemia, NY.). At each location one pyranometer was mounted above the canopy and the other at the middle of the canopy. Long wave radiation from the cladding and heating pipes were calculated using measured surface temperatures. Wind speed was monitored at four levels with one above the canopy and three within the canopy near the centre of the greenhouse. Four WS01 sensors (Hukseflux Thermal sensors, Netherlands) for extra low wind speed were used for this purpose. All sensors were checked daily and the position of infra-red thermocouples was adjusted to ensure that they continuously measured the target leaves. Data collected from Nov. 20, 2002 to Feb. 25, 2003 were used to run and validate the model.
RESULTS AND DISCUSSION
The model was found to predict correctly the trend and magnitude of irradiance within the tomato canopy and to closely track the pyranometer readings in the canopy (Fig. 1A) for most time of the day. However, the measured irradiance peaks and the simulated peaks were slightly displaced on some days; the irradiance peaks in the early afternoon were slightly overestimated. Air temperatures at the mid-canopy were predicted accurately except for the peak irradiance period (Fig. 1B) . Relative humidity predicted in the tomato canopy was very close to measured values for most time of the day (Fig. 1C) ; during noon hours the simulated RH was around 5% lower than measured values.
Plots of simulated versus measured solar irradiance in the canopy for the complete winter 2002-2003 cropping season ( Fig. 2A) show similar trends on a seasonal basis. Model predictions were closer to measured values at low irradiance levels such as those that would have occurred in the morning and evening or on overcast days. At the higher irradiance levels that occurred at midday or on very sunny days, some deviations from measured values were observed. When air temperature was higher than 20°C, temperatures on some days were overestimated (Fig. 2B) . The plots for humidity show relative humidity at mid-canopy was underestimated when the measured values were higher than 50% of RH (Fig. 2C) .
Leaf temperature showed a similar trend as air temperature in that at midday the temperature was overestimated (due to the limit of paper length, data not shown here). No leaf wetness was observed during the experimental period and thus was not simulated.
Although some deviations occurred between predicted and measured values for the model variables, there are no serious deficiencies in the model. First, the largest deviations on radiation simulation occurred at midday when shading of the pyranometers by structural members was most pronounced. This may cause the inaccurate of irradiance measurement. Secondly, the close calculation relationship between relative humidity (RH) and temperature indicated that the underestimation of RH may be the direct result of overestimated air temperature. Thirdly, the shading screen was closed at noon hours. This midday closure of shading screen causes two effects: first, top leaves have long wave radiation exchange with the screen instead of roof cladding, therefore the temperature of the screen should be used as cover temperature; this effect is included in the PSCLIMATE-Tomato. Second, the light distribution on direct and diffuse portion is modified; this effect is not considered in PSCLIMATE-Tomato. The negligence of the second effect might be the main reason for the midday deviation of other climate parameters predictions. Another possibility that may cause the overestimation of leaf temperature and underestimation of air humidity is the calculation of stomatal conductance. To simplify the model, stomatal conductance was only calculated as a function of irradiance, the effects of leaf temperature and CO 2 concentration were not considered. Gijzen, H. 1995 Measured relative humidity (%) X=Y
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